Although the prevalence of rotator cuff tears is dependent on the size, 11% to 94% of patients experience retear or healing failure after rotator cuff repair. Treatment of patients with failed rotator cuff repair ranges widely, from conservative treatment to arthroplasty. This review article attempts to summarize the most recent and relevant surgical options for failed rotator cuff repair patients, and the outcomes of each treatment, except arthroplasty.
INTRODUCTION
Different studies have reported the rate of rotator cuff retear, in patients who underwent rotator cuff repair, to be between 11% and 94% [1] [2] [3] [4] [5] [6] [7] [8] [9] . Although the risk factors for retear are not clear, previous studies suggest older [4, 10] , preoperative big tear size [11, 12] , advanced degree of muscular atrophy [12] , advanced degree of fatty infiltration [11, 12] , massive retraction of tendon [12, 13] , higher critical shoulder angle [14] , lower acromiohumeral distance (AHD) [14] , high tendon tension after repair, and inappropriate postoperative rehabilitation [12] as the major factors for failure of the rotator cuff repair. Management of patients with retear varies from conservative treatment to arthroplasty. This study attempts to summarize the reported results for surgical methods applied for treating rotator cuff retear, except arthroplasty.
INDICATIONS
There exists an uncertainty whether all patients with retear require revision surgery. Previous studies have shown that there is no correlation between the presence of retear and functional improvement [1, 15] . Recently, however, several reports determined a significant correlation between integrity of the repaired tendon and functional improvement [16, 17] . In addition, few studies have correlated increase in strength and recovery of function with cuff healing. Hence, the correlation with overall outcomes of the patient who underwent rotator cuff repair and cuff healing is still debatable [2, 18] . It is therefore important to define the group of patients who require revision surgery, from among the failed rotator cuff repair patients. Previous studies suggest the following factors as having promising outcomes after reoperation: male [19] , preopera-tive abduction above 90º [19] , preoperative forward flexion above 90º [20] , intact deltoid origin [20] , good-quality rotator cuff tissue [20] , only one prior procedure [20] , increased AHD [21] , the absence of glenohumeral arthritis [21] , degenerative retear [21] , and visual analog scale less than 5 [22] . However, some studies report that age and number of previous surgeries do not affect the outcome of revision surgery; hence, these two factors remain uncertain [19, 23] . The authors of this review have determined the following factors for revision surgery: age < 65 years, and confirmation of retear by sonography, computed tomography arthrography, or magnetic resonance imaging (MRI). Moreover, we also consider the patient's compliance, as well as their working and activity level.
CLASSIFICATIONS
The most commonly used classification of retear is the one suggested by Sugaya et al. [24] in 2005. In this study, the Sugaya et al. 's classification [24] divided the radiologic integrity of repaired cuff into five categories. Of these, type 4 and 5 are considered as retear in most papers. Type 4 is presence of a minor discontinuity in only one or two slices on both oblique coronal and sagittal images, suggesting a small full-thickness tear; type 5 is the presence of a major discontinuity observed in more than two slices on both oblique coronal and sagittal images, suggesting a medium or large full-thickness tear.
Among the several classification systems, the classification system proposed by Cho et al. [25] has important implications for predicting reparability. They divided the retear into two types, according to the presence of remnant tissue. The authors infer that type 2 retear, a medial row failure, has low reparability. In many studies, type 2 retear (or medial row failure) is significantly higher in rotator cuff repair using either the double row technique or the suture bridge technique [26] .
Another classification system is based on the anatomical deficiency of the retear patient. The authors emphasize that the following six types of anatomical deficiencies should be considered in revision surgery: (1) failure of tendon healing, (2) poor tendon quality, (3) fatty infiltration/atrophy, (4) retear medial to the medial row of fixation, (5) bone defects in the greater tuberosity after anchor removal, or perianchor cyst formation, and (6) bony and tendinous insufficiency [27] .
SURGICAL PROCEDURES

Revision Repair
Revision repair is the first surgical procedure considered in revision surgery of a retear. Lo and Burkhart [28] presented a tech-nique and outcomes of an arthroscopic revision repair in a case series of 14 patients. The authors emphasized a careful release technique when the torn tendon is difficult to identify due to medial retraction and fibrotic adhesion to adherent tissue during revision repair. In addition, tissues in non-anatomical areas are perplexing, but the authors claim that tendons can be dissected with careful manipulation. Compared to the preoperative state, patients in this study showed functional improvement. Several other studies have also reported alleviation of pain and functional improvement after revision repair. In 1992, Bigliani et al. [29] reported outcomes of 31 patients who underwent rotator cuff revision repair: 25 patients (81%) reported pain relief, but 14 patients (45%) had persistent weakness. Results of 20 patients who underwent rotator cuff revision repair were reported by Ma et al. [30] : 15 patients (75%) reported pain relief, and the average forward flexion improved from 80º preoperatively to 127º postoperatively; 12 patients (60%) reported no functional problems or minor limitations after surgery, and 11 patients (55%) reported overall satisfaction with the surgical results.
However, a study comparing the results of revision repair with the results of primary repair did not show favorable outcomes of revision repair for all factors. Shamsudin et al. [17] retrospectively compared patients with primary repair and revision surgery. In revision surgery, the rerupture rate at 2-year follow-up was 40%, which was significantly higher than that of primary repair (21%). Moreover, revision surgery patients showed significantly inferior results than primary repair patients when considering postoperative pain, range of motion and strength. The authors reason that this could be because primary surgery inhibits microcirculation, and revision surgery is applied to repair already degenerated and weakened tendons.
Thorough subacromial decompression during revision repair is important in patients where acromiohumeral impingement is the primary cause of pain. Acromioplasty as a method of subacromial decompression was first described in 1995 by Rockwood et al. [31] . They performed acromioplasty in 50 irreparable cuff tear patients, and reported good outcomes in pain relief and restoration of active range of motion. Subacromial decompression is advantageous due to ease of execution by arthroscopy, and a recent report states that there is further pain reduction by additional tenotomy of the biceps long head [32] . Another method of subacromial decompression, tuberoplasty was first described in 2002 [33] . Arthroscopic tuberoplasty methods were first introduced in 2004 under the name "reversed arthroscopic subacromial decompression method" [34] . However, since acromioplasty and tuberoplasty surgery alone are unable to halt the progression of rotator cuff tear arthropathy and its associated osteoarthritis, their application in young retear patients is limited and can be considered only for pain relief purposes [35] .
Rotator cuff partial repair is a possible option for reducing pain and restoring function [36, 37] . In 1994, the biomechanical "suspension bridge system" concept was introduced, and rotator cuff partial repair was first reported [37] . Since then, many authors have insisted that the rotator cuff cable can be restored by partial repair alone, with successful restoration of force-couple of the glenohumeral joint [38, 39] . The following protocol is followed for partial repair. After sufficient tissue relaxation, chondroplasty is performed to medialize the footprint, by suturing the infraspinatus in the medialized footprint and suturing the long head of the biceps together. When performing partial repair, since complete cover of the superior portion is not possible, the anterior rotator cuff muscle group and the posterior rotator cuff muscle group must be firmly attached to the humeral head to ensure recovery of the force-couple [40] . Reports for partial repair outcomes are varied [41, 42] . Most previous studies report pain relief and improved range of motion subsequent to partial repair, thereby supporting the theory that partial repair is appropriate for irreparable cuff tear patients. A recently published systematic review article on partial repair stated that there are methodological issues in the design of the study on rotator cuff partial repair published so far, such as selection bias, [43] and hence argued that it is too early to draw conclusions on the usefulness of this procedure.
There is another way to medialize the footprint for revision repair. Shifting the anatomic insertion of the rotator cuff to the medial side of the cartilage of the humeral head can be achieved if the torn tendon does not reduce to footprint even after sufficient intra-articular release of the tendon-capsular interface or extra-articular release of the tendon-bursal interface. There is a concern that the moment arm in abduction of medialized torn tendon may be shortened. However, previous biomechanical studies have reported no effect on the shoulder biomechanics during medialization of 3-10 mm [44, 45] . Recently, Kim et al. [46] reported the results of medialization in 35 patients, wherein the range of motion and clinical scores were improved.
The double interval slide technique is another method applied to accomplish revision repair. In 2004, Lo and Burkhart [47] were the first to perform repair using the interval slide technique, in patients with massive and retracted cuff tears. Of the nine patients, six were subjected to single interval slide, and three patients underwent double interval slide repair. Single interval slide refers to the technique of repairing tendons after sufficient release of the rotator interval between supraspinatus and subscapularis to the coracoid process base. The double interval slide was introduced as a technique of releasing the base of the scapular spine between supraspi-natus and infraspinatus, in addition to the single interval slide. Patients included in this study showed improved strength and range of motion compared to preoperative values. However, some recent research has questioned the usefulness of interval slide technique. In 2013, Kim et al. [48] divided 41 patients with large-to-massive contracted rotator cuff tears into two groups: one group was subjected to partial repair with marginal convergence, whereas the second group underwent double interval slide repair. No functional difference was observed at 2-year follow-up in both groups, and retear rate was observed in 20 of the 22 patients who underwent a double interval slide (91%), which was significantly higher than the partial repair with the marginal convergence group.
Muscle Advancement
It is well known that the original footprint cover is important for rotator cuff repair [49, 50] . However, it is also known that retear increases significantly when excessive tension is applied to the repaired tendon for footprint cover [51] . Accordingly, many attempts have been made to reduce the tension of repaired cuff tendons. In 1965, Debeyre et al. [52] first introduced a technique to reduce tension during repair by elevating the supraspinatus from the supraspinatus fossa. Many authors have reported good results by following this method for tension-free repair [49, 53] .
In the muscle advancement technique, an approximately 4-cm incision is applied first at the medial side of the scapular spine, followed by detachment of the trapezius from the scapular spine. Supraspinatus and infraspinatus located under the detached trapezius are elevated from the scapula body and lateralized about 2 cm in order to cover the footprint of the humerus head ( Figs. 1 and 2) .
Recently, Yokoya et al. [49] published a comparative study of the muscle advancement technique. In this study, the authors per- formed a prospective comparative study of 47 chronic massive rotator cuff tear patients: 21 patients underwent transosseous equivalent (TOE) repair only, whereas 26 patients were subjected to TOE with muscle advancement. No difference was observed in the clinical score between groups, but the muscle advancement group showed significant improvement in abduction muscle strength and acromiohumeral interval compared to the TOE only group. Furthermore, the muscle advancement group reported lower retear rate, at 23.1% versus 52.4%. The muscle advancement technique has the advantage of covering the original footprint tension freely, but it is not an all-arthroscopic technique, and the excessive advancement during muscle advancement can lead to suprascapular nerve palsy [54] . Therefore, when performing muscle advancement technique, it is recommended to simultaneously cut the transverse scapular ligament arthroscopically for suprascapular nerve release introduced by Lafosse et al. [49, 55] .
Patch Graft: Bridging Technique
Patch graft interposition (bridging) techniques are applied for retracted, irreparable, and chronic rotator cuff tears in retear patients. The graft interposition technique was first introduced in 1978. In the first study, the authors used a freeze-dried allograft tendon to link the retracted rotator cuff with a greater tuberosity of humeral head, and reported good results such as pain relief [56] . However, another author group questioned the promising result of graft interposition using freeze-dried allograft tendon, and reported contradictory results. The authors reported that only two patients had functional improvement subsequent to the same procedure performed on seven patients included in the study [57] . Based on this research, numerous studies have been undertaken to overcome the problem of graft materials. Achilles tendon, tensor fascia latae, quadriceps femoris, and patellar tendon as allografts have been attempted, and the long head of biceps and fascia lata as autografts were also tried to link the cuff and footprint. New biomaterials such as polyester (Dacron), Gore-Tex, Teflon, and carbon fiber have been developed and are currently being actively researched [58] [59] [60] . Among the various trials, xenograft is practically not being used due to the significantly higher rerupture rate and severe inflammatory reaction [61] .
There is only one randomized study of bridging techniques to date. In the study, 48 patients were divided into two groups. The control group underwent simple partial repair, and the treatment group underwent autograft bridging. Both showed significant functional improvement. However, the rerupture rate of infraspinatus (the rate of retear of the graft group) was significantly lower in the graft group (autograft vs. simple repair: 8.3% vs. 41.7%, respectively). In addition, functional improvement in the rerupture group was lower than the non-retear group, and the author emphasized the usefulness of the patch graft [62] . A recently published meta-study argued that it was impulsive to conclude the usefulness of this procedure since there was only one high-level ran- 
A B
Before advancement After advancement domization study of the bridging technique mentioned above [63] .
Patch Graft: Augmentation
The patch augmentation technique is considered when the cuff tendon of a retear reaches the medial margin of the footprint but is unable to cover the entire footprint ( Fig. 3) . Bond et al. [64] reported arthroscopic patch augmentation and its outcomes for the first time in 2008. They reported significant functional improvement and pain reduction in 16 massive tear patients, and follow-up MRI in 13 patients confirmed full recovery of the footprint. In 2015, Lenart et al. [65] reported the results of patients who underwent footprint augmentation using poly-l-lactide graft. This study reported significant functional improvement during the follow-up period, similar to the previous studies; however, retear was observed in 62% patients, thereby making it difficult to establish the stability of this procedure. In 2017, a systematic review compared and presented bridging and augmentation techniques with patch graft. Based on the results of 12 studies included in this study, the overall healing rate of patch augmentation is 64% and the overall healing rate of bridging is 77.9%. Furthermore, a significant alleviation was observed in the degree of pain in patients who underwent the bridging technique. The authors thereby concluded that bridging is a better option than augmentation in irreparable cuff patients [66] .
Superior Capsular Reconstruction
In 2013, reverse total shoulder arthroplasty was not permitted in Japan due to the medical insurance system. It is hypothesized that glenohumeral capsules are important for the superior displacement of the humeral head due to defects of the rotator cuff, in situations where other treatments for massive, irreparable or retear cuff are required. Based on this hypothesis, an arthroscopic method of reconstructing the capsule using autologous tensor fascia lata was developed [67] . This superior capsular reconstruction has the advantage of being an arthroscopic technique as well as an open approach. Superior capsular reconstruction is performed as follows. Acromioplasty is first performed to reduce the graft tendon and acromion impingement, followed by repairing the infraspinatus and subscapularis to the footprint. The graft is fixed bilaterally on the medial side of the superior tubercle of the glenoid and to the outside of the greater tuberosity of the humerus. Good longterm results were obtained with graft thickness greater than 6-8 mm (Fig. 4) .
A cadaver study reported the upward stability of the glenohumeral joint provided by superior capsular reconstruction [68] . In this study, the authors contended that superior capsular recon- struction completely restores the superior stability of the glenohumeral joint, and improved results could be expected compared to partial repair using interposition patch graft. The same authors also reported the results of superior capsular reconstruction clinical studies. The average follow-up period of 24 cases was 34 months. The forward elevation improved from 84º to 148º and the external rotation improved from 26º to 40º. AHD increased from 4.6 mm to 8.7 mm, and the American Shoulder and Elbow Surgeons scores were also significantly increased. Recently, the results of superior capsular reconstructions using synthetic patches (Arthrex Inc., Naples, FL, USA) or allograft skin tendons have been reported in consideration of morbidity of donor sites [59] . Moreover, there have been a number of favorable results for superior capsular reconstruction [68, 69] . However, there is still doubt regarding the efficacy and long-term outcomes of superior capsular reconstruction; this technique has been reported in nearly 40% of reoperations in studies by authors other than those who developed superior capsular reconstruction [70, 71] . There is also a debate on the difference in failure rate depending on whether the graft material is autograft or allograft. Of the various superior capsular reconstruction studies included in the systematic review published by Sochacki et al. [72] in 2019, the failure rate of the study using autograft is only 5% (5/100), but the failure rate of studies using al-lograft ranges from 3% (3/88) to 80% (4/5).
Tendon Transfer: Latissimus Dorsi
Tendon transfer is a good option for irreparable failed rotator cuff repair patients. Muscles commonly used for tendon transfer include latissimus dorsi (LD), pectoralis major (PM), and lower trapezius (LT) [73, 74] . Since the LD transfer is intended to restore the posterior force-couple of the shoulder, LD transfer requires consideration in rupture of the rotator cuff, including posterior part of supraspinatus and infraspinatus and teres minor. In this procedure, the LD is detached from the lesser tuberosity of the humeral head (the original insertion site), and subsequently moved to the rear of the humerus and reattached to the greater tuberosity. This altered muscle vector changes LD orientation from internal rotator to external rotator. Authors who presented the results of LD transfer emphasized the abnormality of the subscapular muscle as a prerequisite for LD transfer, and warned that the outcomes of this technique may be inferior if the subscapular muscle is abnormal [75] . To predict a good prognosis for LD transfer, the authors do not recommended LD transfer in patients with eccentric humeral head position, patients with Hamada grade 4 or 5 glenohumeral osteoarthritis, and those with pseudoparalysis. In recent biomechanical experiments, LD transfer showed good results in the range of mo- 
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tion and stability of the glenohumeral joint; however, it was indicated that problems such as an "overcompensation phenomenon" can occur in the 60º abduction position. An "overcompensation phenomenon" refers to an event wherein the contact pressure of the glenohumeral joint inevitably increases after LD transfer in patients with massive irreparable rotator cuff tears, whose force-couple disappears with simultaneous reduction in the glenohumeral joint contact peak pressure. This is the basis for negative results such as osteoarthritis, in long-term follow-ups [76] . Nevertheless, many authors report an improvement of the joint range of motion through LD transfer [77, 78] .
The recently introduced arthroscopic LD transfer has reported good results, and research on how the transferred LD actually works for active external rotation has continued [79] . Some authors performed electromyography on patients 1 year after LD transfer to determine if the actual LD was activated during external rotation. Indeed, by confirming the activation of the transferred LD, they reasoned that LD transfer did not merely restore force coupling by maintaining shoulder stability but also recovers the external rotation strength [80] . However, another study disputed that LD transfer merely affects the centralizing of the glenohumeral joint resulting in a functional recovery, and not being converted to external rotator cuff. Therefore, the conclusion on this issue remains debatable [81] .
In 2010, Valenti et al. [82] reported results of LD transfer as a revision surgery. Of the 25 patients included in the study, eight patients had revision surgery with LD transfer, and 17 patients had primary surgery with LD transfer. Both groups showed significant functional improvement and joint range of motion improvement compared to the preoperative condition, with no statistical difference between the groups. However, there was a significant difference in patient satisfaction: 84% of primary patients reported satisfaction, as against only 50% satisfied patients after revision surgery.
Tendon Transfer: Pectoralis Major
As opposed to LD transfer, PM transfer can be considered in patients with anterior muscle rupture of the rotator cuff surrounding the shoulder. This technique was first introduced in 1997 by Wirth and Rockwood [83] and many authors have subsequently reported good results [84, 85] . Several surgical techniques for PM transfer have been introduced, such as transferring the entire PM, transferring the clavicular insertion only, or transferring the sternal side only. Surgical techniques can also be distinguished by the harvested path of the PM, which passes under or above the conjoined tendon and reattaches to the lesser tuberosity of the humeral head. Recently, some authors reported a comparison of the PM transfer paths, and argued that the biomechanical reattachment of PM un-der the conjoined tendon gave better outcomes [86] . PM transfer may be an available option in relatively young revision patients, but it is difficult to operate and has risks which include injury complications of the musculocutaneous nerve.
Tendon Transfer: Lower Trapezius
LT transfer was first introduced as a salvage procedure for patients with brachial plexus injury [87] , and is now also performed in irreparable rotator cuff tear patients [88] . LT transfer is performed to restore the posterior force-couple of the shoulder, similar to the LD transfer described above, a prerequisite being an intact scapula muscle.
LT transfer has the following advantages over LD transfer. First, LD is an internal rotator, whereas LT is a muscle that is originally activated during external rotation of the shoulder, which makes it easier to rehabilitate the shoulder motion even after tendon transfer. It is also advantageous that the muscle contraction vector after transfer to greater tuberosity is almost similar to the original vector. However, since the tendon excursion is short, it is possible to attach the greater tuberosity only by bridging, such as autograft fascia lata or allograft Achilles tendon. Reddy et al. [89] recently published a study comparing the biomechanics of LT transfer and LD transfer using three-dimensional images. In this study, the LT showed overall better results than LD transfer due to stronger abduction moment arm.
Subacromial Balloon Spacer
Since 2012, some authors have reported on the use and results of biodegradable subacromial spacers in the treatment of irreparable rotator cuff tears [90] [91] [92] . This spacer is located between the acromion and humeral heads; when the deltoid muscle contracts, this spacer assists the humeral head to remain within the glenohumeral joint instead of upward displacement during shoulder forward flexion, abduction, and external rotation. These spacers are made of copolymer poly-L-lactide-co-e-caprolactone, allowing for survival of more than 12 months in the body, which helps restore the force-couple of the glenohumeral joint.
This balloon spacer can be inserted using a usual arthroscopic approach. After arthroscopic debridement, the gap between the acromion and the glenoid is measured; subsequently, a spacer of appropriate size is selected and inserted. It needs to be emphasized that this procedure can be used in the absence of injuries of the subscapularis, whereas patients with arthritis, having allergic reactions to external implants, and patients with existing infections are not indications.
Various authors have reported good results of this technique [93, 94] . In 2019, Moon et al. [95] published a systematic review of seven previously published studies. Complications were reported in only six cases (3%) of the 204 shoulders included in this study, and most of the patients showed satisfactory results during 2-3year follow-up. However, lack of high-level randomization studies on the use of balloon spacers requires further research.
AUTHOR'S PREFERRED METHODS
Surgery is primarily performed when the activity level and symptoms match, taking into account the age of the patient. If the patient condition requires surgery but does not correspond to the indication of reverse total shoulder arthroplasty, we first consider revision repair. If complete revision repair is not possible after sufficient tissue release, muscle advancement technique is considered. Superior capsular reconstruction is considered if the tendon quality is not good. Muscle transfer is considered as the last resort because it is at the expense of other muscles.
